Venezuelan equine encephalitis virus (VEEV) is a representative member of the New World alphaviruses. It is transmitted by mosquito vectors and causes highly debilitating disease in humans, equids, and other vertebrate hosts. Despite a continuous public health threat, very few compounds with anti-VEEV activity in cell culture and in mouse models have been identified to date, and rapid development of virus resistance to some of them has been recorded. In this study, we investigated the possibility of using a modified nucleoside analog, ␤-D-N 4 -hydroxycytidine (NHC), as an anti-VEEV agent and defined the mechanism of its anti-VEEV activity. The results demonstrate that NHC is a very potent antiviral agent. It affects both the release of genome RNA-containing VEE virions and their infectivity. Both of these antiviral activities are determined by the NHC-induced accumulation of mutations in virus-specific RNAs. The antiviral effect is most prominent when NHC is applied early in the infectious process, during the amplification of negative-and positive-strand RNAs in infected cells. Most importantly, only a low-level resistance of VEEV to NHC can be developed, and it requires acquisition and cooperative function of more than one mutation in nsP4. These adaptive mutations are closely located in the same segment of nsP4. Our data suggest that NHC is more potent than ribavirin as an anti-VEEV agent and likely can be used to treat other alphavirus infections. IMPORTANCE Venezuelan equine encephalitis virus (VEEV) can cause widespread epidemics among humans and domestic animals. VEEV infections result in severe meningoencephalitis and long-term sequelae. No approved therapeutics exist for treatment of VEEV infections. Our study demonstrates that ␤-D-N 4 -hydroxycytidine (NHC) is a very potent anti-VEEV compound, with the 50% effective concentration being below 1 M. The mechanism of NHC antiviral activity is based on induction of high mutation rates in the viral genome. Accordingly, NHC treatment affects both the rates of particle release and the particle infectivity. Most importantly, in contrast to most of the anti-alphavirus drugs that are under development, resistance of VEEV to NHC develops very inefficiently. Even low levels of resistance require acquisition of multiple mutations in the gene of the VEEV-specific RNA-dependent RNA polymerase nsP4.
Based on their geographical distribution, the currently known members of the Alphavirus genus are divided into the New World (NW) and the Old World (OW) alphaviruses (1) . Although the OW alphaviruses cause less severe diseases characterized by rash, fever, and arthritis, most of the NW alphaviruses exhibit an encephalitogenic phenotype (1) . The NW representative members include Venezuelan (VEEV), eastern (EEEV), and western (WEEV) equine encephalitis viruses (2) (3) (4) (5) (6) . In humans, these viruses cause debilitating diseases, and the overall mortality rates are ϳ1% (7) , 30 to 80% (8) , and 1 to 5% (9) for VEEV, EEEV and WEEV, respectively.
Alphaviruses replicate to very high titers in many commonly used cell lines of vertebrate and mosquito origins. They can be produced on a large scale, stored in lyophilized form for a long period of time, and efficiently distributed by aerosol. Moreover, mortality rates are amplified with aerosol infection (10) . Therefore, EEEV and some VEEV strains can potentially be used by bioterrorists, and thus they are on the U.S. Select Agents and Toxins list. Nevertheless, despite continuous circulation in Central, South, and North America and the public health threat, no safe and efficient vaccines or therapeutics exist against VEEV or other NW alphavirus infections.
VEEV is a relatively small enveloped virus. Its genome consists of a single-stranded RNA (G RNA) of positive polarity. Upon release into the cytoplasm from the nucleocapsids, G RNA serves directly as a template for the translation of nonstructural proteins that mediate replication of viral G RNA and transcription of the subgenomic RNA (SG RNA). The latter RNA is translated into viral structural proteins that ultimately form infectious, G RNA-containing virions. The nonstructural proteins are initially synthesized as precursor polyproteins P123 and P1234 and are later processed by nsP2-associated protease activity into individual nsP1, nsP2, nsP3, and nsP4. This stepwise processing of the polyproteins regulates synthesis of the negative-strand RNA genome intermediates, G RNAs and SG RNAs (11) (12) (13) .
To date, many functions of individual nsPs in RNA and virus replication have been identified. nsP2, which exhibits protease and helicase activities, and nsP4, which contains the predicted RNA-dependent RNA polymerase (RdRp) domain (1) , attracted most of the attention as possible targets for the development of antiviral drugs. However, few screens have yielded positive results thus far. In one study, the identified CID15997213 compound demonstrated a strong inhibitory effect on VEEV replication in vitro and in a small animal model via its targeting of the nsP2 protein and ultimately viral RNA replication (14) . Some other quinazolinone-derived molecules also exhibited antiviral activity against VEEV (15, 16) . For example, compound ML336 inhibited several VEEV strains in the nanomolar range in vitro and also protected mice from a lethal VEEV infection. Although the exact mechanism of action for this compound has not been fully elucidated, the mutations that determined drug-resistant phenotypes of VEEV occurred in nsP2 and nsP4 proteins (15) .
Compounds that indirectly interfere with VEEV replication by modifying intracellular processes in the host were also investigated as potential therapeutic options to modulate the course of alphavirus infections (17) (18) (19) (20) . These included (i) an inhibitor of glycogen synthase kinase-3␤ (GSK-3␤) that governs proinflammatory responses in the host cell (17) ; (ii) acriflavine, an inhibitor of Ago2 (18) ; (iii) D-(Ϫ) enantiomer of carbodine, which inhibited cellular CTP synthetase and was capable of decreasing the levels of intracellular CTP (19) ; (iv) VX-497, a reversible uncompetitive inhibitor of inosine-5=-monophosphate dehydrogenase, that demonstrated a moderately negative effect on VEEV replication in vitro (20) ; and (v) selective inhibitors of nuclear export, which enhanced accumulation of the capsid protein in cell nuclei and thus decreased the titers of released VEEV (21) . Ribavirin, a broad-spectrum antiviral drug, exhibited a very limited effect against VEEV even if applied at concentrations higher than 500 M (20) .
Although several compounds show anti-VEEV activity in cell culture and in mouse models, it is unlikely that a single drug can be sufficiently potent and/or applied without rapid selection of resistant mutants. Therefore, in this study, we investigated the possibility of using a modified nucleoside analog, ␤-D-N 4 -hydroxycytidine (NHC) as an anti-VEEV agent. Previous studies demonstrated that NHC significantly inhibits replication of hepatitis C virus (HCV) replicon and bovine viral diarrhea virus in Huh7 and MDBK cells, respectively (22) . NHC was also capable of inhibiting human norovirus replicon in HG23 cells (23) , human coronavirus (24), and chikungunya virus (25) . It was reasonable to expect that the antiviral effect of this nucleoside analog is not limited to these few viruses, and might also be effective against other viral species with RNA genomes, such as VEEV. We tested the effect of NHC on VEEV replication, defined optimal in vitro conditions for its application, and the mechanism of its antiviral activity. Our data demonstrate several important features of NHC. (i) NHC is a very potent anti-VEEV agent, with an EC 50 below 1 M. (ii) Most VEE virions released from the NHC-treated cells contain mutated viral genomes, which are incapable of replication. (iii) The antiviral effect of NHC is more prominent if it is applied during the first 4 h postinfection, when amplification of negative-strand RNA intermediates and G RNA takes place. (iv) The resistance to NHC develops very inefficiently and is determined by a cooperative function of multiple mutations in nsP4. Even after 20 passages of VEEV under increasing concentrations of NHC, the pool of VEEV mutants remained highly sensitive to NHC treatment.
RESULTS
NHC has a strong negative effect on infectious titers of the released VEEV TC-83. In initial experiments, we assessed the antiviral potential of NHC ( Fig. 1A ) by testing whether it was capable of inhibiting VEEV replication. Indeed, NHC demonstrated a strong negative effect on the replication of VEEV TC-83 in Vero cells. In the applied experimental conditions (see the legend to Fig. 1B ), NHC at 1 and 2.5 M concentrations reduced titers of released virus progeny by 2 and 4 orders of magnitude, respectively. Moreover, in the plaque assay, samples harvested from NHC-treated cells, but not from the mock-treated cells, contained a large fraction of small-plaque-forming VEEV variants (Fig. 1C ). The heterogeneity of plaques suggested that the antiviral effect of NHC is likely, at least partially, determined by its RNA-mutagenic activity.
Antiviral effect of NHC depends on the timing of its application. In subsequent experiments, Vero cells were infected with VEEV at a multiplicity of infection (MOI) of 0.5 PFU/cell. NHC was added to cells at 2 M either 2 h prior to VEEV infection, at the moment of infection, or at different times postinfection (p.i.). Infectious titers of the released virus were determined at 24 h p.i. using a plaque assay (PFU/ml), and the concentrations of genome-containing viral particles in the same samples were assessed by reverse transcription-quantitative PCR (RT-qPCR) as genome equivalents (GE) per ml.
NHC was most potent when applied 2 h before infection, causing a reduction in infectious virus titers of more than 4 orders of magnitude. If it was added at later times p.i., the negative effect on released viral progeny titers gradually decreased ( Fig. 2A) . Addition of the compound at 6 h p.i. had a very small, Ͻ5-fold, negative effect on final infectious titers. NHC treatment prior to infection or at early times p.i. also had a negative effect on the release of genome-containing viral particles. However, the
FIG 2
The antiviral effect of NHC depends on its application time. (A) Vero cells were infected with VEEV TC-83 at an MOI of 0.5 PFU/cell. At the time points indicated, cells were treated with 2 M NHC and then harvested at 24 h p.i. Viral titers were determined using a plaque assay on Vero cells. The data are presented as mean values and standard deviations. In the same samples, the number of genome copies of VEEV TC-83 (GE/ml) was measured by qPCR. (B) GE/PFU ratio in the samples presented in panel A. This experiment was repeated twice with consistent results. measured changes in concentrations of GE in the same samples were less prominent than the decreases in the infectious titers ( Fig. 2A ). Accordingly, samples from the cells treated with NHC starting from 2 h prior to infection, 0 h p.i., 1 h p.i., and 2 h p.i. exhibited higher GE/PFU ratios than those obtained for mock-treated cells or in samples harvested from cells treated with NHC from 6 h p.i. (Fig. 2B ). In the media from cells incubated with the compound starting from 2 h prior to infection, the GE/PFU ratio was Ͼ100-fold higher than in media harvested from mock-treated cells. This was an indication that early treatment led to release of mostly noninfectious virions. Thus, these experiments demonstrated that NHC treatment has strong negative effects on both the efficiency of genome-containing virion release and their infectivity. However, the antiviral effect of NHC is strongly dependent on the timing of its application in relation to viral infection.
To further evaluate the time-dependent effect of NHC treatment, the compound was added at different concentrations (1 to 32 M) to the media either (i) for the first 4 h p.i. only, followed by incubation in drug-free media ( Fig. 3A ), or (ii) incubation in the presence of NHC started at 4 h p.i. (Fig. 3B ) and continued until 24 h p.i.. All of the samples were harvested at 24 h p.i. to assess infectious titers. NHC treatment within the first 4 h caused profound reduction in infectious titers at 24 h p.i., and there was a strong dose dependence. In contrast, treatment started after 4 h p.i. caused a relatively small negative effect on the infectious titers, irrespective of NHC concentration and despite its presence in the media for a longer period of time (20 h) compared to the samples incubated with this compound for only the first 4 h p.i.
Taken together, these data strongly suggested that NHC is most effective against VEEV in vitro when applied early in the viral replication cycle. As a result, measuring the 50% effective concentration (EC 50 ) and other antiviral characteristics of NHC is very dependent on the time of its application and the MOI used. Therefore, for detailed evaluation of the antiviral effect of NHC on its concentration, subconfluent Vero cells were synchronously infected at an MOI of 20 PFU/cell, and drug was applied at different concentrations at 0 h p.i. The media were harvested at 24 h p.i., and the virus titers were determined by plaque assay on Vero cells. The results are presented in Fig. 4A . Based on these data, the EC 50 , EC 90 , and EC 99 were 0.426, 1.036, and 2.5 M, respectively.
In parallel experiments, we also assessed the cytotoxicity of NHC ( Fig. 4B ). Vero cells were incubated in the media supplemented with NHC at 0 to 200 M for 24 h. Cell viability was assessed using Cell Titer-GLO 2.0 assay. In this range of concentrations, NHC demonstrated a cytotoxicity that was too low to determine a 50% cytotoxic concentration (CC 50 Ͼ 200 M).
NHC induces high mutation rates in VEEV G RNA. Next, we tested whether the presence of NHC increases the mutation rates of viral G RNA. Vero cells were infected with VEEV TC-83 at an MOI of 2 PFU/cell and incubated for 24 h either in NHC-free media or in media supplemented with 2 M NHC at the time of infection. G RNAs were purified from harvested stocks, and a 941-nucleotide (nt) fragment of viral genome in both samples was amplified by RT-PCR. The PCR products were cloned into a plasmid, and for each sample, the plasmid insertions of 50 randomly selected clones were sequenced. We identified 42 mutations (8.9 mutations per 10,000 nt) in sequences derived from the virus population generated on NHC-treated cells, and only 4 mutations were detected in the sequences generated from virus harvested on mock-treated cells (0.85 mutations per 10,000 nt). Thus, within a single passage, NHC treatment at 2 M concentration led to at least a 10-fold increase in accumulation of mutations. However, this ratio is probably even higher, since both pools likely contained equal numbers of mutations introduced by RT and PCRs. The majority of mutations acquired in the presence of NHC were transition mutations. U-to-C or C-to-U transitions were the most prevalent and were likely generated during positive-strand RNA synthesis. The number of A-to-G and G-to-A transitions was ϳ4-fold lower, and these likely resulted from NHC incorporation into the negative-strand RNA.
VEEV resistance to NHC develops very inefficiently. Characterization of the drug's antiviral effects requires assessing the possibility for development of resistant viral mutants. Moreover, identification of the adaptive mutations provides critical information about the mechanism of antiviral function. In this study, we passaged the cDNA-derived VEEV TC-83 20 times in the presence of incrementally increasing concentrations of NHC (see Materials and Methods for details). Drug resistance developed very inefficiently and became clearly detectable only after 15 passages, as evidenced by more efficient cytopathic effect (CPE) development in the presence of NHC. This was suggestive that the drug-resistant phenotype likely required multiple adaptive mutations, and a high resistance is probably impossible to generate. After 20 passages, we selected a viral population, which was capable of replication and CPE production in the presence of 3.2 M NHC. Starting from passage 1, harvested virus stocks produced heterogeneous plaques, and no homogeneous viral population was found at any passage, including passage 20. This was indicative of continuous viral evolution, even after acquiring partial resistance to NHC. After passage 20, two plaques were randomly selected from the agarose overlay supplemented with 2 M NHC. After extraction from the agarose, plaque-purified viruses were amplified once in the presence of 1 M NHC to avoid appearance of true or second-site revertants with an NHC-sensitive phenotype. Total RNA was isolated from Vero cells, which were used for this virus amplification. These cell-derived RNAs were used to sequence the genome fragment encoding nsP1-, nsP2-, nsP3-, and nsP4-coding genes (nt 540 to 7700 of viral G RNA). This genome fragment encodes all viral nonstructural proteins, which form a replication complex and thus are directly involved in RNA synthesis. Mutations in these genes could directly determine viral resistance to NHC.
Both plaque isolates contained large numbers of mutations. The nsP-coding sequence of plaque isolate 1 (PP1) contained 34 synonymous and nonsynonymous mutations (47.5 mutations per 10,000 nt), and the plaque isolate 2 (PP2), which was used in the following experiments, had 41 mutations in the same fragment (57.3 mutations per 10,000 nt). The mutations resulting in amino acid substitutions in the nsPs are presented in Fig. 5A . Similarly, in the PP2 genome, the RNA sequence encoding viral structural proteins contained 21 mutations (55 mutations per 10,000 nt) with 4 of them causing amino acid changes (H96R and F389L in E2; P8S and V388M in E1). These mutations in structural genes had no effect on virus infectivity, and the PP2 isolate demonstrated the same GE/PFU ratio as did the original VEEV TC-83 (see Fig. 7B ). Therefore, these mutations were not further investigated. In agreement with the results described above, obtained after treating the infected cells with NHC for 24 h, all but one mutations found in viruses passaged 20 times in the presence of NHC were transition mutations, with prevalent U-to-C or C-to-U transitions (Fig. 5B ). Importantly, a large number of synonymous and nonsynonymous mutations in the nsP-coding sequence were the same in both randomly selected plaque isolates. This was a strong indication that development of any resistance to NHC is likely to be a rare event and requires a cooperative/synergistic effect of more than one adaptive mutation. Such a mutant likely appeared in one of the intermediate, earlier passages; however, it continued to accumulate other mutations, which distinguished nucleotide sequences of plaque isolates selected after final passage 20.
As a control, VEEV TC-83 was passaged in parallel 20 times in the absence of NHC. After this serial passage, neither changes in the plaque sizes nor changes in virus titers were detected (data not shown). Sequencing of the nsP-coding fragment of a plaque purified after passage 20 virus identified only two mutations (2.8 mutations per 10,000 nt). Both mutations found in the virus passaged without drug were transversions. Thus, the passaging in the presence of NHC resulted in accumulation ϳ20-fold more mutations than in the absence of the compound. These results correlate well with the above data, showing a strong difference in the mutation rates during a single passage of VEEV TC-83 in the presence or absence of NHC.
To complete evaluation of the drug resistance development process, we tested the efficiency of reverting of the NHC-resistant isolate back to an NHC-sensitive phenotype. The PP2 isolate was passaged 20 times in Vero cells in NHC-free media. After the last passage, the resulting virus population was homogeneous in terms of plaque size, and these plaques were indistinguishable from those formed by VEEV TC-83 (see Fig. 6C ). A plaque-purified variant (PREV1) from this population was used to sequence the nsPcoding genes. Surprisingly, it retained all of the PP2-specific mutations in nonstructural genes, but accumulated 12 additional mutations, from which 6 were nonsynonymous ( Fig. 5A ).
In the absence of NHC, PREV1 growth rates were very similar to those of the original VEEV TC-83 ( Fig. 6A ) and were strongly affected by the presence of NHC in the media (Fig. 6B ). In side-by-side experiments, without NHC, the PP2 mutant exhibited delayed replication and achieved lower titers ( Fig. 6A ) compared to both wild-type (wt) VEEV and PREV1 but reproducibly yielded higher titers in NHC-containing media (Fig. 6B) . Similarly, in a plaque assay when NHC was present in the agarose overlay, the PP2 mutant was capable of forming plaques in the presence of NHC at 1.2 and 2.5 M concentrations. In contrast, wt VEEV TC-83 could not develop plaques in the presence of 2.5 M NHC, and PREV1 did not produce plaques under the drug at both concentrations ( Fig. 6C ).
Taken together, our results demonstrated that (i) in the presence of NHC, the selected PP2 mutant replicated more efficiently than parental VEEV TC-83 and PREV1; (ii) the PP2 drug resistance was unstable and in the absence of NHC, this mutant reverted to an NHC-sensitive phenotype; (iii) the evolution to higher replication rates of the pseudorevertant PREV1 and its sensitivity to drug were the results of accumulation of additional mutations in the PP2 genome, but not the reversal of those developed under the prior NHC treatment.
NHC inhibits VEEV replication via a dual mechanism. To further evaluate the mechanism of NHC-specific inhibition of VEEV replication, we performed a detailed FIG 6 Drug-resistant VEEV isolate PP2 replicates more efficiently than parental VEEV TC-83 and pseudorevertant PREV1 in the presence, but not in the absence of NHC. Subconfluent Vero cells were infected with parental VEEV TC-83, selected PP2 mutant or PREV1 viruses at an MOI of 1 PFU/cell. Starting from 0 h p.i., cells were incubated either in the absence (A) or in the presence (B) of 2 M NHC. At the indicated time points, media were harvested, and viral titers were determined using a plaque assay on Vero cells. The experiment was repeated three times. Most of the standard deviations are too small to be visible on the plots. On panel B, starting from 5 h p.i., titers of PP2 and PREV1 are significantly different from those of VEEV TC-83 and from each other (P Ͻ 0.0001). (C) In a standard plaque assay, cell monolayers infected with the same dilution samples were overlaid with 0.5% agarose-containing media (see Materials and Methods for details) without or with the indicated concentrations of NHC. Plaques were visualized by crystal violet staining at 2 days p.i. (D) Vero cells were infected with VEEV TC-83 and PP2 mutant at an MOI of 20 PFU/cell. The indicated concentrations of NHC were applied at 0 h p.i., and media were harvested at 24 h p.i. Infectious titers were determined by a plaque assay on Vero cells and normalized to those in the mock-treated samples. The standard deviations are too low to be visible on the plot. comparative analysis of VEEV TC-83, the PP2 mutant, and the PREV1 pseudorevertant for their ability to produce both infectious virus and G RNA-containing viral particles. Vero cells were infected with these viruses at the same MOI and incubated either with or without 2 M NHC added at the time of infection. At the indicated time points, media were harvested and used for assessment of both infectious titers (PFU/ml) and concentrations of released viral particles (GE/ml). The results of these experiments (Fig.  7A ) demonstrate that the presence of NHC in the media caused a dramatic (Ͼ1,000fold) decrease of VEEV TC-83 and PREV1 infectious titers. However, depending on the time p.i., we detected only a 5-to 50-fold decrease in PP2 infectious titers in media harvested from the drug-treated cells compared to mock-treated cells. (ii) In agreement with the results presented in Fig. 2 , NHC at 2 M had a relatively small, but readily detectable negative effect on the release of genome-containing viral particles (GE/ml) of both the original VEEV TC-83 and PREV1. For both viruses, at any time p.i., the G RNA concentrations (GE/ml) in the media of drug-treated cells were 10-to 20-fold lower than in the mock-treated controls. In contrast, the NHC-resistant PP2 mutant produced essentially the same level of particles (GE) in the presence or absence of NHC (Fig. 7A) .
Thus, NHC treatment had a dual effect on parental VEEV TC-83 and PREV1 replication. This compound caused a modest decrease in virion release and a strong decrease in virion infectivity. The latter effect likely resulted from the introduction of lethal mutations into G RNA. On the other hand, in the presence of 2 M NHC, PP2 mutant was able to release viral particles to higher infectious titers compared to VEEV TC-83 and PREV1. However, the negative effect of the compound on infectious titers of PP2, but not on particle release, was also detectable. This resulted in an increase in the PP2 GE/PFU ratio ( Fig. 7B ) but not to the levels detected in VEEV TC-83 and PREV1 samples. Thus, a large fraction of released PP2 virions also contained noninfectious G RNA, and this was an additional indication that the resistance of PP2 to NHC was only partial.
NHC induces rapid evolution of the VEEV population. Sequencing the plaquepurified variants provided important information about virus evolution under NHC pressure. To complement these data, we applied next-generation sequencing (NGS) to additionally characterize the effect of NHC treatment and/or virus passaging on accumulation of mutations in VEEV TC-83 pools. We sequenced genomes in virus samples harvested at passages 5, 10, 15, and 20, performed either in the absence or presence of NHC. The read sequences were aligned against the VEEV TC-83 genome and analyzed as described in Materials and Methods. The results presented in Fig. 8A , were in agreement with sequencing of the plaque-purified variants. Even after 20 passages in the absence of drug, the VEEV TC-83 population demonstrated relatively low diversity. Only 7 mutations with frequency above 5% were found after 20 passages. None of the mutations became prevalent (with frequencies above 50%). In contrast, passaging VEEV TC-83 in the presence of NHC induced high levels of mutations and led to high heterogeneity of the viral population. After passage 5, four mutations with frequencies above 5% were already present. After passage 20, more than 200 mutations with frequencies above 5% were detected in the virus pool, and 30 of them became prevalent (Ͼ50%). These data correlated with finding of one synonymous or nonsynonymous mutation per every 150 to 200 nt in the genomes of plaque-purified variants (Fig. 5A) , which were isolated from the same passage 20 viral pool.
Using NGS, we detected the accumulation of mutations in essentially all viral genome sequences. However, it was reasonable to expect the mutations responsible for resistance to NHC to be localized in nsP4 and to become dominant by passage 20.
In the NHC passage 20 stock, NGS detected four nonsynonymous nsP4-specific mutations, which were present in the viral pool with frequencies higher than 50%. Most importantly, the same mutations were identified in the plaque-purified variants, PP1 and PP2 (Fig. 5A ). This was an additional indication that they may be responsible for development of resistance to NHC. Three out of four mutations, namely, P187S, A189V, and I190T, were closely located on the index finger in a three-dimensional (3D) structural model of nsP4 (see Fig. 10 ).
Further analysis of the NGS data revealed an interesting dynamic in nsP4 evolution (Fig. 8B) . The presence of VEEV genomes encoding a nonconservative amino acid substitution I190T steadily increased with virus passaging. After passage 20, the mutation was present in more than 90% of G RNAs. The prevalence of variants with another substitution (A189T) was 23% at passage 5 and steadily increased to 76% by passage 15. However, by passage 20, the A189T mutation was no longer prevalent and was replaced in the virus pool by a combination of two other amino acid substitutions, P187S and A189V. The dynamics of mutation accumulation in the index finger suggested the possibility of its function in regulating nucleotide incorporation by VEEV nsP4.
NHC-resistant VEEV variant continued to rapidly evolve in the absence of NHC. NGS was also applied for analysis of mutation accumulation in the NHC-resistant PP2 plaque isolate during its serial passage in NHC-free media. As in the above-described experiments, we sequenced population of G RNAs isolated from samples of PP2originated viruses after passages 5, 10, 1, and 20 in drug-free media. Interestingly, in the absence of NHC, the replication complex of PP2 continued to introduce additional mutations, which were equally distributed throughout the viral genome (Fig. 9A) . After passage 5, the frequencies of the detected mutations were already higher than those in similarly passaged VEEV TC-83 ( Fig. 8A, left panel) . Mutations continued to accumulate during the following passages, whereas the viral pools retained all of the PP2specific mutations. These data correlated with the findings of numerous new mutations in the plaque-purified PREV1 isolate from the passage 20 stock (Fig. 5A) .
At passage 20 in drug-free media, only two new prevalent mutations that led to amino acid substitutions in nsP4 (A201V and V308I) were identified (Fig. 9B) . Interestingly, in the predicted 3D structure of VEEV nsP4, they were located very close to each other ( Fig. 10) and to the mutations found in the NHC-resistant virus population and in the plaque isolates PP1 and PP2. Based on the frequencies of A201V and V308I mutations in the passage 20 viral pool and on the different dynamics of their appearance ( Fig. 9B) , it is reasonable to expect that they function independently and are present in different viral genomes. Moreover, substitution A201V, but not V308I, was identified in the PREV1 variant (Fig. 5A) , which had reverted to an NHC-sensitive phenotype. Therefore, the effects of A201V on loss of resistance to NHC were analyzed further.
The identified nsP4-specific mutations are the determinants of resistance and sensitivity of selected VEEV variants to NHC. To design VEEV variants with mutated nsP4, we used the following information. The I190T mutation in VEEV nsP4 was the most prevalent in the virus pool after 20 passages in the presence of NHC (Fig. 8B) . Based on the predicted 3D structure of VEEV nsP4, the second identified mutation, P187S, changed the same amino acid as that previously implicated in ribavirin resistance development by foot-and-mouth disease virus (26) . Combination of I190T, P187S, and A189V mutations was identified in both the pool of NHC-resistant mutants (Fig. 8B ) and the genomes of plaque-purified variants (Fig. 5 ). Thus, based on these data, we designed single (VEEV/P187S and VEEV/I190T) and triple (VEEV/3x) mutants ( Fig. 11A ) and evaluated the effects of the introduced mutations on the ability of VEEV TC-83 to replicate in the presence of NHC.
In the absence of drug, all of the reengineered mutants were viable, replicated at essentially the same rates as VEEV TC-83 (Fig. 11C) , and formed large plaques in Vero cells (Fig. 11B ). However, in the presence of 1.5 M NHC in the agarose overlay ( Fig.  11B) , (i) the parental VEEV TC-83 formed almost undetectable, pinpoint plaques; (ii) the VEEV/P187S mutant, surprisingly, was found to be more sensitive to compound than parental VEEV TC-83 and did not form plaques at all; (iii) the VEEV/I190T mutant produced readily detectable plaques, which remained relatively small; (iv) the combination of all three mutations in nsP4 made the VEEV/3x variant capable of forming midsize plaques in the presence of NHC, which was suggestive of its higher resistance to the drug. To confirm this result, Vero cells were infected with the indicated mutants at an MOI of 2 PFU/cell, and NHC at the indicated concentrations was added to the media at the time of infection. Figure 11D presents the ratios of infectious viral titers produced in the presence or absence of NHC at 8 h p.i. As in the above-described experiments, the VEEV/I190T mutant was more resistant to NHC than the parental VEEV, VEEV/P187S was more sensitive to this compound, and the VEEV/3x mutant was the most resistant to the NHC treatment. The NGS data also suggested that during passaging in the presence of NHC (Fig. 8B) , the virus population became initially enriched with the variants containing A189T mutation in nsP4. During further passaging, the latter mutation was mostly replaced in virus pool by A189V. Therefore, in additional experiments, we compared the effects of both mutations on development of virus resistance to drug. As expected, the ultimate A189V mutation induced significantly higher resistance to NHC than the early A189T mutation in nsP4 (Fig. 11E) .
Analysis of the NGS data and sequencing of the PREV1 isolate suggested the possibility that the A201V mutation in nsP4 plays a critical role in reversion of PP2 to an NHC-sensitive phenotype. Indeed, cloning of A201V into the genome of the VEEV/3x mutant (Fig. 12A) had a profound negative effect on viral resistance to NHC. The VEEV/3x/A201V variant replicated in Vero cells to the same titers and at the same rates as the parental VEEV TC-83 and VEEV/3x mutant but was reproducibly less resistant to NHC than both of these viruses ( Fig. 12B and C) . Thus, the identified A201V mutation in nsP4 was sufficient for reverting the drug-resistant phenotype of VEEV/3x to NHC sensitive.
DISCUSSION
Currently, the most widely used nucleoside analog with the antiviral activity is ribavirin (27, 28) . It demonstrates a broad-spectrum inhibitory effect against a number of RNA viruses and low cytotoxicity and functions as an RNA mutagen, since it is incorporated into virus-specific RNAs by viral RdRp (22, 28) . This leads to the accumulation of random mutations in viral genomes, which either affect virus replication rates at the next round of infection or make them nonviable (29) (30) (31) . One of the potential concerns about application of ribavirin is that its antiviral activity only becomes evident when this drug is applied at relatively high concentrations of 100 to 1,000 M (32) and when it is applied hours before the beginning of infection (33) . To detectably inhibit CHIKV replication in vitro, this drug was used at 100 M (34) and, thus far, no antiviral effect of ribavirin has been unambiguously demonstrated for VEEV (20) . Another complication of using ribavirin is that at least some viruses develop drug-resistant mutants (35) . This resistance is most often determined by single point mutations in RdRp-coding sequences, and they were intensely investigated in several positive-strand RNA viruses (34, 36) .
In the present study, we characterized the antiviral activity of another nucleoside analog, NHC (Fig. 1A) . This compound exhibited a very strong inhibitory effect on VEEV infection in cell culture. The antiviral function was readily detectable when NHC was FIG 10 The mutations that lead to NHC-resistant and NHC-sensitive phenotypes of VEEV TC-83 are closely located in the 3D structure of the catalytic domain of VEEV nsP4. (A) Structural alignment of the predicted 3D structure of VEEV nsP4 RdRp domain with FMDV 3D polymerase (2E9T). The VEEV RdRp structure is presented as a solid, light red ribbon. The structure of FMDV 3D protein is presented as a solid, light blue ribbon. The amino acids involved in coordination of NTP phosphates are presented as red sticks (VEEV) or blue sticks (FMDV). The amino acids that bind RNA template are presented as turquoise sticks for both polymerases. (B) Positions of mutations identified in nsP4 of NHC-resistant and NHC-sensitive mutants of VEEV TC-83 on the predicted structure of the catalytic domain. The amino acids that were substituted in the NHC-resistant viruses are shown in medium green (I190) and light green (A189 and P187). The amino acids that were substituted in the pool of PP2 virus passaged 20 times in NHC-free media (A201V and V308I, see Fig. 9 for details) are shown in yellow.
FIG 11 nsP4-specific mutations determine the resistance of VEEV replication to NHC. (A) Schematic presentations of VEEV genomes containing the indicated nsP4-specific mutations. (B) In a standard plaque assay performed on the indicated viruses, Vero cells were overlaid with 0.5% agarose-containing medium either with or without 1.5 M NHC. After 2 days, plaques were visualized by staining with crystal violet. (C) A total of 4 ϫ 10 5 Vero cells were infected with the indicated viruses at an MOI of 2 PFU/cell. At the indicated times p.i., media were harvested, and viral titers were determined by a plaque assay on Vero cells. (D) A total of 5 ϫ 10 5 Vero cells were infected with the indicated viruses at an MOI of 2 PFU/cell. Cells were incubated with NHC starting from 0 h p.i. At 8 h p.i., media were harvested, and viral titers were determined by a plaque assay on Vero cells. The titers were normalized to those in the samples harvested from mock-treated cells. This experiment was repeated three times using different (Continued on next page) applied at 1 to 2 M prior to, at the time of, or within 4 h after VEEV infection (Fig. 2) . Previous studies showed that in cultured cells, NHC is rapidly converted into mono-, di-, and triphosphate forms, along with other metabolites, such as CTP and UTP (22, 25, 37) . Because the levels of the NHC-triphosphate form (NHC-TP) were highest among the intracellular metabolites, it was proposed as the metabolite primarily responsible for the antiviral effect of NHC (22) . In vitro experiments using purified HCV NS5B polymerase demonstrated that NHC-TP can serve as a substrate with a low efficiency of incorporation (22) . Because NHC-TP can be incorporated into RNA to replace either CTP or UTP (38) , one would expect the appearance of C-to-U and U-to-C transition mutations in synthesized viral G RNAs if NHC-TP is introduced into G RNA during positivestrand synthesis and A-to-G and G-to-A mutations if NHC-MP is incorporated during synthesis of the negative strand of the viral genome.
Our data support a notion that the primary antiviral effect of NHC is based on its potent RNA-mutagenic activity, which can force VEEV replication into an "error catastrophe" or "lethal defection" (39) . Accordingly, viral pools released from Vero cells treated with NHC starting at early times p.i. demonstrated GE/PFU ratios that were almost 2 orders of magnitude higher than those from mock-treated cells. This was an indication that most of the released virions contained noninfectious viral genomes that were incapable of producing a spreading infection. The released viral pools also produced heterogeneous plaques, with a high proportion of these plaques being small and pinpoint in size. A Ͼ10-fold increase in the VEEV genome mutation rate was detected in the presence of 2 M NHC compared to drug-free media. In agreement with these data, both NGS of viral pools and Sanger sequencing of the genomes in randomly selected plaque-purified variants also demonstrated that NHC treatment during VEEV replication resulted in the generation of large numbers of synonymous and nonsynonymous mutations in all of the nonstructural and structural viral genes.
On the other hand, in the presence of NHC, infected cells produced 10-to 20-fold fewer G RNA-containing viral particles (GE). We detected only a small decrease in G RNA accumulation in the cells treated with NHC compared to the mock-treated cells (Fig. 7D) . Therefore, there is some possibility that similar to favipiravir (40), NHC can function as a direct, weak inhibitor of RdRp. However, another, more plausible explanation for less efficient release of G RNA-containing virions is that during intracellular viral replication, NHC-TP is responsible for accumulation of mutations in nonstructural and structural proteins rather than for direct inhibition of RNA synthesis. Similarly, prior in vitro studies using HCV RdRp did not find evidence that the presence of NHC could lead to direct inhibition of the polymerization reaction. It has also been proposed that the incorporation of NHC-TP may change the thermodynamics of RNA secondary structures and thereby affect the initiation of replication and/or protein translation (22) . Although this is a considerable possibility for VEEV RdRp, such an assumption needs experimental support. The anti-VEEV effect of NHC is dramatically more prominent when it is applied a few hours before or within the first 4 h p.i. There are two possible explanations for such temporal dependence of the inhibitory effect. First, the immature replication complex, which is composed of P123 and nsP4, is only present within the first 4 h p.i., at the amplification stage of viral RNA. In this complex, RdRp might utilize NHC-TP more efficiently than in a mature RC that contains completely processed, individual nsPs. The second and more likely possibility is that during the early stage of replication, when G RNA undergoes multiple rounds of amplification, incorporation of NHC-MP into both positive-or negative-strand RNAs generates large numbers of mutations in the viral progeny. Moreover, early in the infection, the synthesized mutated G RNAs are also translated into defective nsPs, and this in turn affects VEEV replication rates and the efficiency of particle release.
Another major characteristic of NHC is that the development of resistance to this compound by VEEV is a highly inefficient process. The difficulty in selection and the poor resistance of selected mutants suggested that (i) the acquisition of a single mutation in nsP4 has a relatively small positive effect on virus resistance to NHC and (ii) the accumulation of a few mutations appears to be required for advanced resistance to the drug. In two independent selections, one of which is presented in this study, the low-level resistance to NHC only became evident after 15 passages.
Further experiments clearly demonstrated that this low-level resistance is determined by a combination of nsP4-specific mutations. The NGS of G RNAs in viral pools at different passages, sequencing of the genomes of plaque-purified viruses and subsequent reverse genetics experiments demonstrated that resistance to NHC resulted from sequential selection of several mutations in VEEV nsP4. Acquisition of I190T substitution was likely the most critical step. It was detected as early as passage 5 (4% frequency) and became present in almost 100% of the viral genomes by passage 20 (in the presence of NHC). Moreover, the same mutation was prevalent in viral genomes after the second independent selection of NHC-resistant variants (data not shown). Although I190T substitution alone caused detectable resistance of VEEV to NHC (Fig. 11) , the ultimately developed triple mutant contained a combination of P187S, A189V, and I190T substitutions in nsP4. Their presence made virus replication clearly more resistant to the drug (Fig. 11 ). Based on a predicted structural model of VEEV nsP4 RdRp (Fig. 10 ), all three mutated amino acids were located in the RdRp index finger domain near the template entrance channel. Other research teams, using a variety of picornaviruses, have previously identified several RdRp-specific mutations that generate resistance to different nucleoside analogs (32, (40) (41) (42) . However, only the P44S substitution in the RdRp of foot-and-mouth disease virus (FMDV) appeared in the same position as P187S in the structural model of VEEV-specific RdRp (26) . The indicated FMDV-specific mutation has been proposed to amplify the resistance of this virus to ribavirin. The authors of that study suggested that the substitution of P44S increased the frequency of ribavirin incorporation instead of guanosine by affecting the shape of the template channel and the template transition rates through the active site. This in turn resulted in a detectable reduction of the FMDV mutant replication rates. The NHC-resistant PP2 variant selected in our study also demonstrated lower replication rates than both the original VEEV TC-83 and the drug-sensitive pseudorevertant PREV1. This suggests that less efficient RNA replication may be an important contributor to VEEV resistance to the compound. This assumption needs more detailed investigation because, in the case of PP2, the lower rate of viral replication was likely determined by a synergistic effect of numerous mutations accumulated in viral nsPs. Importantly, upon the withdrawal of NHC, the selected PP2 mutant further evolved to a more efficiently replicating phenotype. It was also acquiring mutations dramatically more efficiently than the original VEEV TC-83 in the absence of drug. At this stage, we cannot definitively distinguish whether the higher evolution rates of PP2 in the absence of NHC were the direct result of accumulation of previous mutations in nsP4 or its higher replication rates. However, the more efficiently replicating phenotype of PREV1 correlated with a complete loss of NHC resistance, and it became even more sensitive to this compound than the original VEEV TC-83.
Based on the results of NGS, after 20 passages of the NHC-resistant PP2 isolate in NHC-free media, the resulting viral pool retained all of the original PP2-specific mutations and also acquired A201V and V308I substitutions in nsP4. Based on their frequencies and the presence of only the A201V substitution in PREV1-specific nsP4, we hypothesized that A201V and V308I substitutions were likely encoded by different genomes rather than present together. Spatially, they are located close to each other and to the mutations leading to NHC resistance ( Fig. 10 ), suggesting their possible function in both increasing the viral replication rates and lowering the resistance levels to the drug. Indeed, the addition of a single A201V-encoding mutation into the genome of NHC-resistant triple mutant (VEEV/3x) resulted in reversion to a drug-sensitive phenotype. Interestingly, in a predicted model of the nsP4 RdRp, A201 in the F motif is located next to K200, which, based on a structural alignment with FMDV 3D polymerase, may interact with the RNA template (43) . Therefore, this mutation may compensate for the defect caused by a triple substitution in the index finger domain. Thus, the amino acid substitutions that lead to NHC resistance and its reversion possibly affect the interaction of template RNA with VEEV-specific RdRp.
In summary, this study demonstrated several key features of NHC. (i) NHC is a very potent anti-VEEV compound. (ii) NHC induces high mutation rates in the genome of replicating VEEV. (iii) NHC application has negative effects on both the release of viral particles and their infectivity. (iv) The antiviral effect of NHC is most prominent when it is applied at early times postinfection, during the rapid amplification of negative and positive-strand RNAs and assembly of replication complexes. (v) VEEV resistance to NHC develops very inefficiently. Even a low-level resistance requires acquisition of more than one mutation in VEEV nsP4. (vi) The development of such mutations correlates with lower replication rates of the virus. (vii) In the absence of NHC, the resistant mutants of VEEV revert to an NHC-sensitive phenotype and higher replication rates by acquiring additional mutations in nsP4. Taken together, our data suggest that NHC is a very promising and potent anti-VEEV agent that can likely also be used against other alphavirus infections.
MATERIALS AND METHODS
NHC was synthesized at Emory Institute for Drug Development. Its synthesis and additional characterization will be presented elsewhere.
Cell cultures. Vero cells were obtained from the American Type Culture Collection (Manassas, VA). BHK-21 cells were kindly provided by Paul Olivo (Washington University, St. Louis, MO). These cell lines were maintained at 37°C in alpha minimum essential medium supplemented with 10% fetal bovine serum and vitamins.
Plasmid constructs. The original plasmids containing the infectious cDNAs of VEEV TC-83 were described elsewhere (44) . Mutations were introduced into nsP4 using standard PCR-based techniques. Schematic representations of all of the modified genomes are presented in the corresponding figures. The sequences of the plasmids and details regarding the cloning procedures can be provided upon request. 
